ABSTRACT: Fatty acid composition of adipose tissue associated with meat is an important factor for the beef industry because of its implications for human health, processing, meat quality, and palatability. Individual fatty acid composition is a trait under genetic control, so improvement via selective breeding of cattle is possible. The objective of this study was to investigate the genetic architecture of fatty acid composition and identify genes associated with this trait in 3 breed types: Bos indicus (Brahman), Bos taurus (4 breeds), and tropically adapted composites (2 breeds). Using high-density data, regions on chromosomes 1, 9, 14, 16, 19, 23, 26, 29, and X were associated with fat composition and quantity traits. Known candidate genes, such as fatty acid synthase (FASN; chromosome 19) and stearoyl-CoA desaturase (SCD; chromosome 26), were confirmed in our results. Other candidate genes and regions represent novel association results, requiring further validation.
InTRoduCTIon
The fatty acid composition of beef fat is important as it has implications for human health and is a contributor to eating quality. High levels of saturated fatty acids, particularly medium-chain fatty acids, such as C16:0, have been linked to metabolic syndrome in humans (Vessby, 2003; Siri and Krauss, 2005) . Fat composition also impacts eating quality of beef (Wood et al., 2008) . Of particular importance are the low melting point monounsaturated fatty acids, with oleic acid (C18:1c9) being the most plentiful and thus important as it positively contributes to mouth feel, juiciness, and flavor (Melton et al., 1982; Smith et al., 2006) . Unlike many other traits used in cattle breeding, such as growth rate, reproduction, and feed efficiency traits, individual fatty acids are linked to discreet metabolic pathways rather than the result of numerous gene pathways. This provides clear candidate genes that may be implicated in observed differences in fatty acid composition. Indeed, candidate genome-wide association studies (GWAS) have found polymorphisms associated with differences in fatty acid composition, located on the genes fatty acid synthase (FASN) and stearoyl-CoA desaturase (SCD; Zhang et al., 2008 Zhang et al., , 2010 Mannen, 2011; Matsuhashi et al., 2011; Orru et al., 2011; Uemoto et al., 2011; Li et al., 2012; Uemoto et al., 2012; Yokota et al., 2012) . Abe et al. (2008) showed an association between a region on chromosome 19, covering FASN, and differences in 5 fatty acids (C14:0, C14:1, C16:0, C16:1, C18:1c), using 313 microsatellite markers on 178 genotyped animals.
Most previous studies were limited in terms of number of markers used, number of animals, or a limitation to certain breeds. The development of increasingly dense SNP arrays has facilitated the genotyping of large numbers of markers across the genome. The objective of this study was to perform GWAS using dense SNP information (~700,000 SNP) to target fat composition in diverse populations of Bos taurus and Bos indicus cattle.
MeThodS
Animal Care and Use Committee approval was not specifically requested for this study. Data used here were obtained from existing phenotypic and genotypic databases as described in the following section.
Animals and Phenotypes
The cattle used in this study were part of the Australian Cooperative research Centre for Beef Genetic Technologies (Beef CRC I), and the overall design of the program was described previously by Upton et al. (2001) . A more specific description of the animals measured for fatty acid composition was provided in Kelly et al. (2013) . In brief, cattle from 7 breeds (Angus, Brahman, Belmont Red, Hereford, Murray Grey, Santa Gertrudis, and Shorthorn) were purchased as weaners from 28 herds across Australia (Table 1) . They were then transported to a CRC property in either Queensland or New South Wales, and on arrival, they were allocated to be finished on either grain or pasture to 1 of 3 target market end points (live weights of 400, 540, and 600 kg), which are representative of the domestic (Australian), Korean, and Japanese markets.
Determination of Fatty Acid Composition
Fatty acid composition of the lipids in subcutaneous adipose tissue was determined by GLC, essentially as described by Smith et al. (1998) . Subcutaneous fat (20 g) was collected from each carcass at ~24 h after slaughter from the region of the 12th/13th rib and stored at -20°C until required for analysis. Within 4 wk, a subsample of fat (50-100 mg) was heated in a capped vial with 3 mL of 0.25 M sodium methoxide:diethyl ether (1:1, vol/vol) at 60°C for 2 min (Bannon et al., 1982) . The reaction mixture was rapidly cooled by the addition of 5 mL 5% NaCl and then recapped and vortexed. The mixture was then phase separated by the addition of 5 mL petroleum ether (boiling point 60°C-80°C), and an aliquot of the upper phase, containing the methylated fatty acids, was removed for fatty acid analysis by GLC as previously described (Kelly et al., 2013) . Individual fatty acids were identified by comparison of their retention times with standards (Alltech, Sydney, Australia). Individual fatty acids were expressed as mean percentages of the total fatty acids, but this total (100%) did not include any fatty acid that comprised less than 0.25%.
Genotypes
Animals were genotyped on 1 of 3 platforms, the Illumina 7k, Illumina 50k, or Illumina HD. These were then all imputed to 700,000 using BEAGLE (Browning and Browning, 2009 ) as described by Bolormaa et al. (2013) and Fortes et al. (2013) . Genotypes for each animal were imputed within each breed group as defined in Table 1 . The reference panels used for each group included 520, 501, and 659 animals genotyped on the Illumina HD array for Bos indicus, Bos taurus, and tropical composites, respectively. The markers to be included in the final analysis were selected on the following criteria: having a minor allele frequency greater than 5% and a call rate greater than 95%. Following this quality control criteria and imputation process, the final data set had 729,068 SNP.
Statistical Analysis
The appropriate fixed effect model was performed using R (R Foundation for Statistical Computing, Vienna, Austria). This was performed by sequentially testing the interactions of herd, year, sex, and slaughter day with HCW. Breeds are nested within herd, so breed effect was accounted for within the herd term in the model. Across all fatty acids the effect of adding interactions was tested. It was found that the only interaction that consistently explained a significant proportion of the variation in fatty acid composition across traits was HCW × slaughter day; thus, this interaction was fitted as a fixed effect in the model for the analysis of all fatty acids.
The additive effect of each SNP was estimated by regression in a mixed model analysis using Wombat (Meyer and Tier, 2011) and fitting the following model:
where y i is the phenotype of the ith animal, X is an incidence matrix relating the observations and fixed effects in β. Z is an incidence matrix linking the observations to the random additive polygenic effects (μ). The term s j is the additive association of the SNP, and last, e i is the error term for animal i. As described previously, the fixed effects used in the GWAS of all traits were the herd of origin, sex, year/season, and HCW × slaughter day.
The random effects were assumed to be distributed as a multivariate normal with a mean of zero and the following variances: ó e is the residual variance component. The 10 regions with the largest impact were selected by counting the number of associations with P-values less than 10 -5 within each Two Mega Base (MB) region of the genome. Adjacent regions with significant associations were then joined together and considered a single region spanning 2 MB. Only regions with more than 2 associations across markers and traits were considered as candidates for the top 10 regions. From each of these regions the SNP with the lowest P-value was chosen, and the percentage of genetic variation explained was estimated across all individual fatty acids. The effect of these SNP within each breed group (Bos taurus, tropical composite, and Brahman) was also estimated. These estimates were based on small numbers of cattle per group with 586, 518, and 156 animals within Bos taurus, tropical composites, and Brahman cattle, respectively (Table 1) .
Version 68 of the ENSEMBL database was queried to determine if SNP identified by GWAS were located within or near annotated genes (Flicek et al., 2012) . This was performed by directly querying the ENSEMBL database (bos_taurus_core_68_31) with the locations of each SNP. An enrichment analysis was performed using GOrilla. (Eden et al., 2009 ). The closest gene for each of the significant SNP was used to make a target list of genes using Homo sapiens as a reference sequence. The enrichment analysis was tested for overrepresentation of genes from the gene list within gene function groups.
ReSulTS And dISCuSSIon
The 24 measurements analyzed in this study form a panel of traits that characterize fatty acid profile, fat composition, and total fat trim in beef (for summary statistics, see Table 2 ). The objective of this study was to investigate the genetic architecture of fatty acid composition and identify genes associated with this trait in 3 breed types: Bos indicus (Brahman), Bos taurus (4 breeds), and tropically adapted composites (2 breeds). Herein, we present and discuss genomic regions and candidate genes that were of significance across this informative panel of fatty acid-related traits.
Ten regions were found to be associated with differences in fatty acid composition across multiple traits (Table 3) . Many of these regions confirmed previous association studies that were performed within individual breeds or in small-scale studies. For example, the 2 major genes FASN and SCD previously identified by Matsuhashi et al. (2011) as related to fatty acid composition were confirmed in the current GWAS (Table 3) . A Manhattan plot was used to provide an overview of the associations detected in this analysis (Fig. 1) . Association peaks in regions on chromosomes 19, 26, and 29 are evident across multiple fatty acids. The estimated percentage of genetic variation explained for the SNP with the lowest P-value within this region across all association was selected and presented in supplementary Table 1 along with a test of significance within each breed group and trait. Because of the low numbers available within group the precision of estimates should be treated with caution. This is highlighted by the number of traits by SNP combinations not having sufficient SNP variation to estimate relationships (for example, BovineHD1400008579 was fixed for all Bos taurus cattle). However, in general, the highly significant SNP that were significant in the analysis with all animals were often significant or approaching significance in each of the groups.
The known candidate gene FASN is identified in this study (Table 3 ; chromosome 19 [Roy et al., 2001] , region between 47 and 54 Mb) as being associated with fatty acid composition. A number of significant SNP were present across 7.5 Mb. This is a known candidate gene from previous findings. For example, Zhang et al. (2008) found SNP in FASN to be associated with C14:0, C15:0, C16:0, and C18:1c9 in Angus bulls using a candidate gene approach. Li et al. (2012) , using a similar candidate gene approach in commercial crossbred cattle, found a wide range of associations with fat composition for SNP mapped to FASN. FASN was detected in the linkage study of Morris et al. (2010) in Jersey-Limousin crossed animals. Last, Uemoto et al. (2011) found SNP associated with C18:1c9 in a GWAS using a selective genotyping approach in Wagyu cattle. Our reports provide strong support for the hypothesis that genetic variants in FASN have a large effect on fatty acid compositions with a large proportion of the associations detected across a number of fatty acids being mapped to this region. Further, this association was still present in tropically adapted breeds and Brahman animals that were included in the experiment. The SNP with the lowest P-value within this region (BovineHD1900014357) explained a large proportion of the genetic variance in C14:0, C14:1c9, C16:0, and C18:1c (10.251%,4.72%,1.90%, and 3.27%, respectively). Of these, significant associations were found in Bos taurus and tropical composites for C14:0, C14:1c9, and C18:1c9 (supplementary Table 1 ). The validation of this gene and surrounding region across various breeds and independent studies signals the usefulness of these markers for genome-assisted selection programs that face the challenge of predicting breeding values across breeds. Another candidate gene confirmed in our results is SCD. Smith et al. (2006) reviewed the role of SCD in fatness and fat composition of beef cattle. SCD is located on chromosome 26 (Chung et al., 2000; Smith et al., 2006) , where 87 of the associations identified in this study were located (Table 3) , including associations with C14:1c9, C16:1c9, C16:0, and C19:0. A number of significant SNP were present across 5.9 Mb. This region has previously been linked to differences in fatty acid composition in a number of studies. In a Wagyu population, Matsuhashi et al. (2011) found that SNP in SCD were associated with changes in C14:0, C14:1c, C18:0, and C18:1. This finding was confirmed by Yokota et al. (2012) in the same breed. These associations were also present in the study of Oh et al. (2011) , where SCD was associated with C14:0, C14:1c, C16:0, and C18:1c9 in 275 Hanwoo cattle from Korea. However, there are other studies that have not found an association between fatty acid composition and SCD. For instance Orru et al. (2011) found no significant associations (P < 0.05), although there was a trend toward significance for C18:0, C18:1c9, and C18:2n-3 with SCD in 103 Simmental bulls; however, Uemoto et al. (2011) , using the Wagyu breed, did not find any association with C18:1c9 in their GWAS. The SNP with the lowest P-value within this region (BovineHD4100017752) explained a large proportion of the genetic variance in C14:1c9 and C19:0 (13.162%, 10.26%). These associations were found in all breeds. Despite these contrary findings, substantial evidence, including our current results, are in support of the associations between variants in SCD and fatty acid composition in beef fat across multiple breeds.
Associations with fatty acid composition have previously been found on chromosome 14. These associations were suggested to be underpinned by candidate genes FABP4 and FABP5 (Michal et al., 2006; Hoashi et al., 2008) . However, these genes are not located in either of the regions on chromosome 14 found to be significant in this study but are at 46Mb, whereas the signal detected in this study was spread across a wider region from 16 to 31 Mb. Diglyceride acyltransferase [DGAT] is also located on this chromosome and has been suggested as a candidate gene since it is involved in the final reaction in the synthesis of triglyceride (Hoashi et al., 2008) . However, this is also relatively distant from the highest density of associations described here (Table 3 ). In total, there are 87 genes located on chromosome 14 between 16 and 31 Mb; among these, some could be involved in fat composition, such as Tribbles Homolog 1 [TRIB1], which is involved in lipidogenesis. There are also genes such as Pleomorphic adenoma gene 1 [PLAG1], located at 25Mb of chromosome 14, that have been associated with multiple growth traits, including height, weight, and puberty (Hawken et al., 2012; Fortes et al., 2013) . Future studies, with more genotypes and phenotypes, are likely to confirm this region's effect on fatty acid composition and hopefully narrow or define this QTL better.
There were 58 SNP on chromosome 1 associated with C18:1c9. Previously, Morris et al. (2010) identified a region on chromosome 1 that was suggestively 1,2 Start and End positions for region of the genome containing significant SNPs 3 SNP =number of significant; MME = membrane metallo-endopeptidase; PIGP = phosphatidylinositol glycan anchor biosynthesis, class P; FASN = fatty acid synthase; SCD = stearoyl-CoA desaturase. C16:0, C16:1c9, C18:0, and C18:1c9 (from top to bottom, respectively) . The genomic position is represented along the x axis, and -log10(P) is on the y axis. The blue line is at P = 10 -5 , and the red line is at 10 -8 . linked to C18:1c9 and linked (P < 0.05) to C16:1c in Jersey × Limousin and Wagyu × Limousin crosses. Thus, our results add evidence to previous QTL studies, and further confirmation would be of merit. Gutierrez-Gil et al. (2010) found 3 regions on chromosome 1 associated with fatty acid composition; however, these were not close to the region where multiple SNP were found within this study. An enrichment study was performed using all genes in the regions identified in Table 3 to determine if particular pathways were overrepresented in the significant regions (Eden et al., 2009 ). The purine nucleotide biosynthetic process was overrepresented in the regions identified from the GWAS. Within this pathway 3 genes on chromosome 1 were identified (phosphoribosylglycinamide formyltransferase [GART] , ATP synthase J subunit [ATP5J], ATP synthase O subunit [APT5O]), and these genes represent potential gene targets for further investigation.
There were also regions found on chromosomes 9, 16, 23, 29, and X for a number of fatty acid traits. Some of these chromosomes have been suggested in previous studies, such as the association on chromosome 29 with fatty acid composition (Morris et al., 2010) . However, subsequent mapping studies and genome scans will be required to determine whether these associations are present across populations or not. Novel regions, such as these, point to novel candidate genes, although these were wide regions, and speculations on potential new candidate genes are beyond the focus of the current paper.
In summary, the current study has confirmed that FASN and SCD are located in regions of importance for the composition of beef fat, expanding previous results to breeds such as Brahman and tropically adapted composites. Additionally, further regions of the genome were identified that appear to be linked to differences in fat composition, and these warrant further investigation.
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